Phenotypic and genetic variation in one species can influence the composition of interacting organisms within communities and across ecosystems. As a result, the divergence of one species may not be an isolated process, as the origin of one taxon could create new niche opportunities for other species to exploit, leading to the genesis of many new taxa in a process termed "sequential divergence." Here, we test for such a multiplicative effect of sequential divergence in a community of host-specific parasitoid wasps, Diachasma alloeum, Utetes canaliculatus, and Diachasmimorpha mellea (Hymenoptera: Braconidae), that attack Rhagoletis pomonella fruit flies (Diptera: Tephritidae). Flies in the R. pomonella species complex radiated by sympatrically shifting and ecologically adapting to new host plants, the most recent example being the apple-infesting host race of R. pomonella formed via a host plant shift from hawthorn-infesting flies within the last 160 y. Using population genetics, field-based behavioral observations, host fruit odor discrimination assays, and analyses of life history timing, we show that the same host-related ecological selection pressures that differentially adapt and reproductively isolate Rhagoletis to their respective host plants (host-associated differences in the timing of adult eclosion, host fruit odor preference and avoidance behaviors, and mating site fidelity) cascade through the ecosystem and induce host-associated genetic divergence for each of the three members of the parasitoid community. Thus, divergent selection at lower trophic levels can potentially multiplicatively and rapidly amplify biodiversity at higher levels on an ecological time scale, which may sequentially contribute to the rich diversity of life.
Phenotypic and genetic variation in one species can influence the composition of interacting organisms within communities and across ecosystems. As a result, the divergence of one species may not be an isolated process, as the origin of one taxon could create new niche opportunities for other species to exploit, leading to the genesis of many new taxa in a process termed "sequential divergence." Here, we test for such a multiplicative effect of sequential divergence in a community of host-specific parasitoid wasps, Diachasma alloeum, Utetes canaliculatus, and Diachasmimorpha mellea (Hymenoptera: Braconidae), that attack Rhagoletis pomonella fruit flies (Diptera: Tephritidae). Flies in the R. pomonella species complex radiated by sympatrically shifting and ecologically adapting to new host plants, the most recent example being the apple-infesting host race of R. pomonella formed via a host plant shift from hawthorn-infesting flies within the last 160 y. Using population genetics, field-based behavioral observations, host fruit odor discrimination assays, and analyses of life history timing, we show that the same host-related ecological selection pressures that differentially adapt and reproductively isolate Rhagoletis to their respective host plants (host-associated differences in the timing of adult eclosion, host fruit odor preference and avoidance behaviors, and mating site fidelity) cascade through the ecosystem and induce host-associated genetic divergence for each of the three members of the parasitoid community. Thus, divergent selection at lower trophic levels can potentially multiplicatively and rapidly amplify biodiversity at higher levels on an ecological time scale, which may sequentially contribute to the rich diversity of life.
host plant adaptation | parasitoid | Rhagoletis | tritrophic interactions | ecological speciation P opulation divergence is a fundamental evolutionary process contributing to the diversity of life (1) . Studies of how new life forms originate typically focus on how barriers to gene flow evolve in specific lineages, resulting in their divergence into descendent daughter taxa. As a result, evolutionary biologists now have a good understanding of how variation within a population is transformed by selection into differences between taxa (1-3). What is less well understood is whether the divergence of one population has consequences that ripple through the trophic levels of an ecosystem and affect entire communities of interacting organisms. Studies in paleontology (4) (5) (6) , community ecology (7, 8) , systematics (8, 9) , and ecosystem genetics (10, 11) suggest that evolutionary change in one lineage can influence entire communities of organisms. For example, when the genotype/phenotype of a "foundation" species influences the relative fitness of other species, evolutionary change(s) in this genotype/phenotype may affect organisms in adjacent trophic levels (10, 11) . If these evolutionary changes are linked to ecological adaptation and reproductive isolation (RI), associated organisms may diverge in parallel, potentially creating entire coevolved communities distinct from one another (12) (13) (14) (15) . Therefore, population divergence may not always be an isolated process, as the differentiation of one taxon could beget the divergence of many others. Such "sequential" or "cascading" divergence events may be particularly relevant to understanding why some groups of organisms, like plants, the insects that feed on them, and the parasitoids that attack the insects, are more diverse and species-rich than other groups (8, 9, (12) (13) (14) (15) . Specifically, when phytophagous insects diversify by adapting to new host plants, they create a new habitat for their parasitoids to exploit (Fig. 1) . If a parasitoid shifts to the new habitat, it can encounter the same divergent ecological selection pressures as its insect host, which could result in the parallel divergence of insect host and parasitoid (12) (13) (14) (15) (Fig. 1A) . Moreover, sequential divergence may have multiplicative effects in generating biodiversity, as the shift of an insect to a new plant may open a new niche opportunity for not just one but the entire community of parasitoids attacking the insect host (12, 13) (Fig. 1B) . However, few convincing examples of sequential divergence exist (12) (13) (14) (15) , and in no study is there both genetic and ecological evidence for sequential divergence multiplicatively amplifying biodiversity.
Here, we test for the multiplicative effects of sequential divergence in the community of parasitoid wasps (Hymenoptera: Braconidae) that attack fruit flies in the Rhagoletis pomonella sibling species complex (Diptera: Tephritidae) (Fig. 2) . Several features of the biology and biogeography of the Rhagoletis−parasitoid system make it ideal for investigating the multiplicative divergence hypothesis and allow us to directly test multiple criteria supporting sympatric host race formation (16) and sequential divergence (12, 13) , summarized in Table 1 . First, concerning the spatial context of divergence (criterion 1), R. pomonella complex
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Understanding how new life forms originate is a central question in biology. Population divergence is usually studied with respect to how single lineages diverge into daughter taxa. However, populations may not always differentiate in isolation; divergence of one taxon could create new niche opportunities in higher trophic levels, leading to the sequential origin of many new taxa. Here, we show that this may be occurring for three species of parasitoid wasps attacking Rhagoletis fruit flies. As flies shift and adapt to new host plants, wasps follow suit and diverge in kind, resulting in a multiplicative increase of diversity as the effects of ecologically based divergent selection cascade through the ecosystem. Biodiversity therefore may potentially beget increasing levels of biodiversity.
flies have formed in the absence of geographic isolation. In particular, the recent sympatric shift of R. pomonella from its ancestral host plant hawthorn (Crataegus spp.) to introduced domesticated apple (Malus domestica) in the last 160 y is an example of host race formation in action (1) (2) (3) (17) (18) (19) , the hypothesized initial stage of ecological speciation (16, 17) . The short time frame and sympatric spatial context of R. pomonella's shift to apple exclude passive codivergence or speciation (Fig. 1C) as an explanation for differentiation. Specifically, fly and wasp populations could not have diverged in concert, because they became jointly geographically separated in the past (Fig. 1C) . Rather, if flies and wasps display concordant adaptations, it is likely due to the direct effects of divergent ecological selection resulting from host shifts cascading from host plants to flies to parasitoids ( Fig. 1 A and B) .
Second, the apple and hawthorn host races of R. pomonella belong to a closely related group of sibling species, including Rhagoletis mendax (host: blueberry, Vaccinium spp.), Rhagoletis zephyria (host: snowberry, Symphoricarpos spp.), and the undescribed flowering dogwood fly (host: Cornus florida). All of these taxa purportedly radiated via sympatric host shifts (17) (18) (19) (20) (21) (22) (23) . In addition, other species in the genus, such as the eastern cherry fly, Rhagoletis cingulata (host: black cherry, Prunus serotina) are sympatric with R. pomonella group flies (23) . Thus, the potential for sequential divergence in the Rhagoletis parasitoid community extends beyond the host races, with multiple cooccurring fly resources existing for wasps to attack, satisfying criterion 1.
Third, Rhagoletis in the eastern United States are attacked by a community of host-specific endoparasitoid wasps that include the species Diachasma alloeum, Utetes canaliculatus, and Diachasmimorpha mellea (24, 25) (Fig. 2) . All three species have a free-living, sexually reproducing adult life stage. This life cycle eliminates vertical transmission as a factor facilitating codivergence. U. canaliculatus oviposits into Rhagoletis eggs laid beneath the skin of ripe fruit, while D. alloeum and D. mellea oviposit into late instar larvae feeding within fruit (24) . A degree of niche partitioning for oviposition sites therefore exists among species (25) , potentially facilitating coexistence on the same fly host. As a result, multiple host associations of wasps exist in close geographic proximity, fulfilling the requirements of criterion 1 for sympatric race formation and sequential divergence for the wasp community as well.
In addition, a previous study documented that one parasitoid attacking Rhagoletis, D. alloeum, is undergoing sequential divergence (14) . Population genetic surveys, field observations, behavioral assays of host choice, and studies of life history timing support the existence of an ecologically derived population of D. alloeum attacking the recently formed apple-infesting host race of R. pomonella, meeting criteria 2, 3, 4, 6, and 7. We hypothesize that if U. canaliculatus and D. mellea are undergoing sequential divergence, they will show similar patterns of hostassociated ecological and genetic divergence.
Two dimensions of divergent ecological selection generate RI among host-associated populations of Rhagoletis and D. alloeum: host-specific mating (habitat isolation) and differences in eclosion phenology (temporal isolation). With respect to habitat isolation, Rhagoletis (26) and D. alloeum (14) court and mate on or near the fruit of their respective host plants. The most important long-to intermediate-range cues that flies use to find and discriminate among plants are the volatile compounds emitted from the surface of ripening fruit (27) (28) (29) (30) . Flies display genetically based behavioral preference for natal fruit surface volatiles and avoid the volatiles of alternative fruit (29) . Similarly, D. alloeum prefer natal and avoid nonnatal host fruit volatiles in behavioral assays (14) , supporting criterion 3. Consequently, differences in host choice translate directly to mate choice, generating prezygotic habitat-related RI for both flies and wasps, fulfilling criterion 4. Additionally, host odor discrimination may also act as a postzygotic barrier to gene flow in R. pomonella, as they suffer behavioral host choice sterility mediated by a reduced chemosensory ability to find suitable host fruit for mating and oviposition (30) . Whether or not hybrid D. alloeum display a similar behavior is unknown. Lastly, criteria 5 is partially met for Rhagoletis, as the host fruit environment has no effect on host odor discrimination behaviors for hawthorn-origin R. pomonella reared in apple fruit, indicating that host selection and fidelity are under (partial) genetic control With respect to temporal isolation (criterion 6), the timing of overwinter diapause is an important host-related ecological adaptation for Rhagoletis. The host plants of Rhagoletis fruit at different times of the year (19, 31, 32) . For example, apple varieties favored by R. pomonella ripen 3-4 wk before native hawthorns in sympatry. Thus, flies must eclose to coincide with the availability of ripe fruit to find mates and oviposition sites. Rhagoletis are univoltine, and their lifespan is short (1 mo). Differences in eclosion timing between races therefore results in partial allochronic mating isolation (19, (29) (30) (31) (32) . The differences in eclosion timing also confer a degree of postzygotic isolation because hybrids will possess eclosion patterns asynchronous with fruit ripening (29, 31, 32) . Rhagoletis attacking blueberries and flowering dogwoods display similar differences in eclosion time related to variation in host fruiting phenology (31) .
The life cycle of D. alloeum mirrors that of Rhagoletis, generating the same divergent ecological selection pressures. As a result, populations of D. alloeum attacking different Rhagoletis eclose to match the phenology of fly larvae feeding within host fruit (14) . In addition, longevity of D. alloeum (∼2 wk) is half that of Rhagoletis, generating even more pronounced allochronic mating isolation compared to the fly (14) , supporting criterion 6. Significant allele frequency differences between sympatric populations of D. alloeum attacking different fly hosts (criterion 2) were associated with differences in eclosion time (14) , confirming criterion 7. The same has also been found for Rhagoletis (19, 31, 32) , connecting host-related life history adaptation and RI to patterns of genetic differentiation among flies and wasps.
Here, we test for the multiplicative hypothesis of sequential divergence in the Rhagoletis−parasitoid system using the criteria in Table 1 to frame our experimental approach. For populations of U. canaliculatus and D. mellea attacking different Rhagoletis, we first assessed mtDNA sequence variation and conducted population genetics surveys using nuclear-encoded microsatellites to test for host-related genetic differentiation (criterion 2). Second, to test for host plant-related assortative mating caused by habitat isolation, we coupled field observations of mating behavior of U. canalicualtus and D. mellea with tests of host odor discrimination, including preference for and avoidance of fruit surface volatile compounds (criteria 3 and 4). To determine if genetic effects contributed to host odor discrimination (criterion 5), we compared the behavioral responses of D. alloeum reared through nonnatal fly and host plant environments to parental and nonnatal host fruit volatiles. Third, to assess the degree of allochronic isolation due to variation in host phenology, we compared the timing of adult eclosion of U. canaliculatus and D. mellea attacking different fly populations in sympatry (criterion 6). Lastly, to link host-associated genetic differentiation to divergence in life history timing (criterion 7), we tested for associations between microsatellite genotypes and the timing of eclosion for U. canalicualtus and D. mellea. Although host-associated fitness tradeoffs (criterion 8) have been inferred for several species of Rhagoletis feeding in natal versus nonnatal fruit (33, 34) , difficulty in reciprocally transplanting wasps precludes these experiments at this time but remain an area for future study.
Results and Discussion mtDNA Divergence. To make a case for the sequential divergence of U. canaliculatus and D. mellea, it must be shown that populations attacking the derived apple fly do not represent unrecognized sibling species associated with different Rhagoletis. In this case, differences could be erroneously attributed to ecological adaptation following a recent sympatric host shift when, in fact, they represent older speciation events that potentially occurred in allopatry. To test for the existence of cryptic sibling species, we sequenced a 540-bp region of the mtDNA COI (cytochrome oxidase subunit I) gene for specimens morphologically classified as U. canaliculatus and D. mellea attacking apple, hawthorn, blueberry, flowering dogwood, snowberry, and black cherry flies. The presence of sibling species would be indicated by diverged mtDNA haplotypes that, upon analysis using nuclear-encoded microsatellites, would identify as genetically distinct populations, implying an absence of gene flow. Utetes. A maximum parsimony gene tree of Utetes populations attacking apple, hawthorn, snowberry, and flowering dogwood flies indicated three distinct mtDNA haplotype groups distinguished by ≥19 nucleotide substitutions (Fig. 3A) . Haplotype A was restricted to wasps attacking the flowering dogwood fly, and haplotype B was found only in wasps attacking flowering dogwood and a single population of snowberry flies from State College, PA (site 9). Haplotype C was most common, found in U. canaliculatus attacking flowering dogwood, apple, hawthorn, and a single population of snowberry flies from East Lansing, MI (site 2). Thus, the possibility exists for three different cryptic Utetes sibling species, with haplotype C being the most informative Also shown is whether these criteria have been empirically tested and confirmed in R. pomonella (Rp) species complex flies and three members of the parasitoid wasp community attacking the flies: D. alloeum (Da), D. mellea (Dm), and U. canaliculatus (Uc). Data for Da are from Forbes et al. (14) and the current study (criterion 5).
for testing the sequential divergence hypothesis, attacking populations of all four Rhagoletis hosts parasitized by U. canaliculatus. Diachasmimorpha. In contrast to U. canaliculatus, there was no evidence for a distinct mtDNA matrilineage among D. mellea attacking apple, hawthorn, blueberry, or black cherry flies (Fig. 3B ). Similar to previous results from D. alloeum (14) , several haplotypes were found in D. mellea displaying low levels of sequence divergence (≤1%). Haplotypes did not differentiate wasps in a host-specific manner and were generally shared among all populations. The pattern implies that host-associated populations of D. mellea are relatively recently derived, including those attacking apple flies, and rules out the presence of long-established cryptic species.
Microsatellite Differentiation.
Utetes. The pattern of microsatellite differentiation for 20 loci suggested the existence of three cryptic species of Utetes likely having diverged before the introduction of apples to North America ∼400 y ago and the shift of R. pomonella to apples within the last 160 y. The three genetic clusters observed in the microsatellite genetic distance network (Fig. S2 ) corresponded exactly to the three major mtDNA haplotypes (Fig. 3A) . Populations defined by mtDNA haplotypes A, B, and C each possessed alleles displaying high-frequency differences or private variants at many loci. For example, allele 173 at locus UC57 ranged in frequency from 0.45 to 0.76 among haplotype C wasp populations, was absent in haplotype B, and was present at low frequency (∼0.06) in haplotype A (see data in the Dryad database). Thus, all subsequent analyses of U. canaliculatus focused on the widespread mtDNA haplotype C populations to test for recent sequential divergence.
Within haplotype C, significant microsatellite differentiation was observed among populations of U. canaliculatus attacking snowberry, flowering dogwood, hawthorn, and apple flies. No fixed or high-frequency private allele was found for any of the 20 microsatellite loci that distinguished wasps attacking different fly hosts. Instead, populations shared major alleles in common that differed in frequency (see data in the Dryad database), implying that differentiation among populations is likely of relatively recent origin with ongoing (or recently ceased) gene flow. Significant allele frequency differences were observed in each of the six sympatric pairwise comparisons between wasps attacking different fly hosts (Table S2) . Seven loci (UC8, UC10, UC12, UC16, UC22, UC47, UC54) displayed pronounced and consistent differences (of similar magnitude and in the same direction) across at least three pairwise sympatric comparisons (Table S2) . Similarly, generalized linear model (GLM) analyses identified seven loci (UC8, UC12, UC14, UC32, UC47, UC52, UC53) showing a significant host effect across the five sympatric paired sites of wasps attacking apple and hawthorn flies (Table S3 ). There was little evidence for a major effect of geography in the GLM analysis, as only two loci (UC14, UC61) had a significant latitude and/or host × latitude effect (Table S3 ). This result contrasts with previous findings for R. pomonella (18, 32) and D. alloeum (14) where latitudinal variation was pronounced. Thus, the direction and magnitude of host-related allele frequency differences were more consistent across sites for U. canaliculatus than for R. pomonella or D. alloeum. As a result, a neighbor-joining (NJ) genetic distance network based on all 20 microsatellites distinguished populations attacking apple, hawthorn, flowering dogwood, and snowberry flies (Fig. 4A ). Apple
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and hawthorn fly-attacking wasps were positioned adjacently in the network, consistent with the apple fly-attacking populations having originated via a recent shift from hawthorn flies. Although a shift of U. canaliculatus from the snowberry to apple fly cannot be completely discounted, this scenario appears unlikely because (i) the genetic distance from apple to snowberry flyattacking wasps is greater than that from apple to hawthorn flyattacking wasps and (ii) populations of the snowberry fly are relatively rare and present at low densities in the eastern United States compared with R. pomonella (35) . Diachasmimorpha. The pattern of microsatellite differentiation for 21 loci for D. mellea also supported the existence of a recently derived population attacking apple flies. Similar to U. canaliculatus, D. alloeum (14) , and R. pomonella (18, 22, 32) , no fixed or high-frequency private alleles were found that distinguish D. mellea populations attacking different fly hosts (see data in the Dryad database). However, significant and consistent allele frequency differences were observed for eight loci (DM19, DM32, DM42, DM48, DM51, DM61, DM62, DM65) in at least three sympatric pairwise comparisons between D. mellea attacking different fly hosts (Table S2 ). GLM analyses revealed four loci (DM14, DM15, DM25, DM61) displaying a significant host effect across the four sympatric pairs of apple and hawthorn flyattacking wasp populations (Table S3 ). Unlike U. canaliculatus but similar to Rhagoletis (18, 22, 32) and D. alloeum (14), a high proportion (28.6%) of loci (DM1, DM6, DM14, DM15, DM19, DM28) showed a significant host × latitude effect for D. mellea (Table S3 ). An NJ network based on all 21 loci clustered all apple fly-attacking D. mellea separately from populations parasitizing hawthorn, blueberry, and black cherry flies (Fig. 4B ). Similar to previous findings for D. alloeum (14) , the network suggested that D. mellea attacking blueberry flies could be the source of the population parasitizing apple flies. However, this conclusion is preliminary because (i) only a single population of D. mellea attacking blueberry flies was genotyped in the study,
(ii) at the sympatric site in Fennville, MI, more loci displayed significant differences between wasps attacking blueberry and apple flies (7 loci) than between blueberry and hawthorn flies (2 loci), and (iii) D. mellea is a relatively rare parasitoid of blueberry flies (24, 25) . Thus, a hawthorn or black cherry fly ancestry cannot be discounted. The origins of the recently formed apple fly-attacking parasitoid community still need to be established. Genetic results imply that apple-infesting populations of D. alloeum are genetically more closely related to wasps parasitizing the blueberry fly, R. mendax, than the hawthorn-infesting race of R. pomonella (14) . Although inferences can be made regarding the origins of the appleinfesting populations of U. canaliculatus and D. mellea, the genetic results are more ambiguous than for D. alloeum. Regardless, Rhagoletis and its parasitoids may not always cospeciate in a strict 1:1 follow-the-leader fashion. Wasps attacking different flies in the community may take advantage of the new niche opportunity provided by Rhagoletis host shifts, not necessarily just the parasitoid infesting ancestral fly hosts. Thus, adaptive starbursts of sequential divergence may be the result of biodiversity radiating from several different origins within the community. Regardless, the genetic results support criterion 2 and multiplicative sequential divergence by establishing the existence of host-associated genetic differentiation among both U. canaliculatus and D. mellea.
Site of Mating Assembly.
Utetes. Field observations of mtDNA haplotype C U. canaliculatus in stands of apple and hawthorn trees confirmed the use of host fruit as the site of mating assembly. A total of 23 mating pairs were detected over 45 h. Eleven of the 23 mating pairs (48%) were detected directly on apple or hawthorn fruit, whereas the remaining 12 pairs (52%) were observed on branches or leaves an average of 8.52 ± 2.11 cm from the nearest host fruit (range = 5-30 cm). The mean time from the first observation of a male and female to the initiation of mating was 143 ± 19 s (range = 4-411 s). No mating pair or individual U. canaliculatus was observed on any non-Rhagoletis plant, underscoring the host-specific nature of mating. Diachasmimorpha. Field observations of D. mellea in stands of apple and hawthorn trees also confirmed the use of host fruit as the site of mating assembly similar to U. canaliculatus, D. alloeum (14) , and R. pomonella (26) . A total of 19 mating pairs were observed over 45 h. Five of the 19 mating pairs (26%) were detected directly on apple or hawthorn fruit, whereas the remaining 14 pairs (74%) were observed on branches or leaves an average of 12.37 ± 3.25 cm from the nearest host fruit (range = 3-45 cm). The mean time from first observation to initiation of mating was 209 ± 35.1 s (range = 12-516 s). No mating pair or individual D. mellea was observed on any non-Rhagoletis plant.
Host Plant Odor Discrimination.
Utetes. Results from Y-tube behavioral assays supported the existence of divergent host choice based on fruit odor discrimination in U. canaliculatus similar to Rhagoletis (27, 30) and D. alloeum (14) . Wasps displayed no tendency to orient to the right or left arm of the Y tube when no fruit odor was present (X 2 = 1.2; P = 0.27). However, odor-naïve, mtDNA haplotype C U. canaliculatus reared from snowberry, flowering dogwood, apple, and hawthorn flies all preferentially oriented to the arm of the Y tube containing their respective natal fruit volatiles compared with the odorless control arm (Fig. 5 and Table S4 ). Wasps also avoided the odors of alternative hosts, orienting less often to nonnatal fruit volatiles compared with the odorless control ( Fig. 5 and Table S4 ). Diachasmimorpha. Results from behavioral assays also supported the existence of divergent host choice in D. mellea. Wasps showed no tendency to orient to either arm of the Y tube when no fruit odor was present (X 2 = 0.10; P = 0.76). However, odor-naïve D. mellea attacking apple, hawthorn, blueberry, and black cherry flies all preferred their respective natal host fruit volatiles and avoided nonnatal fruit odors compared with the odorless control arm (Fig. 5 and Table S4 ).
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In many models of ecological speciation (1, 12, 13, 16, 17) , including R. pomonella (1, 12, 20, 23, 29) , host choice and mate choice (the site where courtship and mating occurs) are linked, generating habitat-related prezygotic RI among diverging populations. When we couple the results from host fruit odor discrimination assays and field observations, the same is true for the community of wasps attacking different Rhagoletis hosts, supporting criteria 3 and 4 and multiplicative sequential divergence. We estimate that fruit odor discrimination potentially translates into ≥84% prezygotic RI among U. canaliculatus attacking different Rhagoletis hosts at sympatric sites (Table 2 and SI Text). Similarly, estimates for D. mellea ranged from 68% to 88% across populations ( Table 2) .
We caution, however, that observations of site of mating may be skewed unintentionally by observers' bias by focusing on locations in the field where insects are more likely to be present (on host fruit) than not (on other nonhost plant tissue). Thus, it is possible that we missed mating pairs behaving in a non-hostspecific manner, thereby overestimating the importance of host choice and RI. However, we spent more time surveying nonhost plants (30 h) than host trees (15 h) for parasitoids (SI Text). Moreover, all of the wasps are conspicuous in color (bright red or reddish black) and large compared with other parasitoid species (Fig. 2 B−E) . Consequently, wasps or mating pairs residing on a nonhost plant would have likely been observed if present. Reciprocal rearing of Diachasma. In the current study, we reared 22 hawthorn fly-origin and five blueberry fly-origin D. alloeum through a single generation in R. pomonella infesting apples. Both hawthornand blueberry-origin D. alloeum retained preferences for their respective natal host fruit odors, while avoiding apple volatiles (Fig. 6 and Table S4 ). Thus, rearing studies support a genetic basis for behavioral differences in host fruit odor discrimination for both Rhagoletis (27) and D. alloeum (14) , supporting, partially, criteria 5.
At present, we cannot rear U. canaliculatus or D. mellea in alternate fly hosts to test for environmental or maternal effects on fruit odor discrimination, a shortcoming of our results and an important avenue for future research. However, examples of larval conditioning affecting adult preference are rare for holometabolous insects (36) and, when found, usually involve cases where juvenile life stages come in direct contact with plant tissues during development (37) . Nevertheless, instances do exist in which parasitoids learn cues from their insect host (38) . For example, the braconid wasp Aphidius colemani learns natal host preference by antennating the mummy of its aphid host following adult emergence. However, if A. colemani are dissected from their hosts before adult emergence and allowed to complete development, natal host preference is reduced. Although we cannot completely discount such effects for D. mellea and U. canaliculatus, we contend they are unlikely to be major contributors to host choice for these wasps. In this regard, U. canaliculatus and D. mellea are endoparasitoids that oviposit into fly eggs and larvae, respectively, in fruit. Wasp larvae do not feed on their Rhagoletis hosts until larvae have left fruit and pupariated in the soil. Thus, wasps do not come in direct contact with the surface volatiles of ripening host fruit before returning to their respective host fruit to mate and oviposit as adults the following year. In addition, wasps eclose as adults from fly pupal cases buried in the soil for >300 d. Following eclosion, flies must move quickly to the soil surface or be trapped underground, therefore making it difficult for wasps to antennate fly pupal cases for host cues. Moreover, any volatile compound from the surface of ripe fruit, even if originally present (which is unlikely, as fly larvae do not consume the skin of fruit but the flesh, which is chemically different), would have long since dissipated from the pupal case and surrounding soil. Furthermore, it is unlikely wasps would also learn to avoid odors emitted from nonnatal fruits from exposure to the natal host fly pupal case or a similar host-related stimuli only. Thus, the biologies of U. canaliculatus and D. mellea suggest that fruit odor Table S4 for individual values and statistical significance). Data for D. alloeum are taken from Forbes et al. (14) . *P = 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. discrimination may be (partially) genetically based, as is the case for Rhagoletis (27, 30) and D. alloeum (14) .
Eclosion Timing.
Utetes. Eclosion curves differed significantly among mtDNA haplotype C U. canaliculatus attacking different fly hosts at sympatric sites, tracking the eclosion times of their Rhagoletis hosts and the fruiting times of their respective host plants (Fig.  7, Fig. S3 , and Table S5 ). The one exception was at Dowagiac, MI, where eclosion times of U. canaliculatus infesting apple (102.83 ± 1.05 d; n = 35) and hawthorn (102.71 ± 1.18 d; n = 38) flies did not differ (Fig. S3 and Table S5 ). Interestingly, similar results were previously found for both R. pomonella and D. alloeum at this site (Table S5) (14) . Mean adult longevity for U. canaliculatus was 9.54 ± 0.18 d (n = 167) in the laboratory. Assuming Utetes have the same life span in nature (likely an overestimate), we estimate that the observed differences in eclosion time translate into allochronic prezygotic RI between host-associated populations of U. canaliculatus at all sites (excluding Dowagiac, MI) (11-96%) ( Table 3 ). Diachasmimorpha. Eclosion curves for D. mellea also differed significantly among populations attacking different fly hosts at sympatric sites (Fig. 7, Fig. S3 , and Table S5 ). Mean adult longevity for D. mellea was 12.21 ± 0.30 d (n = 67) in the laboratory. We estimate that the differences in eclosion times translate into prezygotic RI between host-associated populations of D. mellea at all sites (12-55%) ( Table 3) . We note that wasps may not reach sexual maturity until several days after adult eclosion, potentially increasing temporal isolation among host-associated populations of all three species of parasitoids.
Genetic Correlations with Eclosion Time.
Utetes. Eight loci in females (UC10, UC12, UC14, UC18, UC47, UC52, UC59, UC60) and eight in males (UC14, UC32, UC48, UC52, UC53, UC54, UC59, UC60) displayed significant genotype or genotype × host effects with eclosion time (Table S6) . Of these loci, six showed a significant host effect between wasps attacking apple and hawthorn flies in GLM analyses (Table S3) , linking the pattern of genetic differentiation with an important host-related adaptation causing prezygotic RI. Overall, a significant stepwise multiple regression was found between seven loci for females (r = 0.49; P < 0.0001) and six for males (r = 0.40; P = 0.03) with eclosion time. Similar relationships between multiple microsatellites and eclosion time were found for Rhagoletis (18, 22) and D. alloeum (14) . Diachasmimorpha. Three microsatellite loci for females (DM18, DM25, DM61) and five loci for males (DM18, DJ19, DM28, DM33, DM36) displayed significant genotype or genotype × host effects with eclosion time (Table S6) . Of these loci, two displayed a significant host effect between apple and hawthorn fly-attacking wasps in GLM analyses (Table S3) . Consequently, evidence supporting criteria 6 and 7 was found for both D. mellea and U. canaliculatus. However, unlike U. canaliculatus, D. alloeum (14) , and R. pomonella (18, 22) , stepwise multiple regressions revealed no significant relationship between microsatellites and eclosion time for female or male D. mellea.
Conclusions
The concept that "biodiversity begets biodiversity" is deeply engrained in biology (4-9, 12-15). Sequential divergence has been proposed to help explain a number of diverse patterns, including radiations following mass extinctions (4-6), species diversity in the tropics (7), and macroevolutionary patterns of diversification in herbivorous insects (8, 9) . However, the process has rarely been explicitly studied. Here, we document for the first time, to our knowledge, the genetic signatures of and ecological mechanisms promoting rapid, sequential divergence for three distinct species, as the same host-related ecological adaptations associated with host choice and life history timing in Rhagoletis appear to have evolved concordantly and multiplicatively in the parasitoid community.
We caution, however, that our results represent a single datum. Additional studies are needed to assess how common and taxonomically widespread sequential divergence, evaluate its importance for generating patterns of biodiversity, and assess its role in assembling novel guilds or communities de novo. Conditions promoting sequential divergence (Table 1 and Fig. 1 ) may not be common for many species and may be difficult to empirically test. Regardless, even if sequential divergence is rare, it could still, through a multiplicative effect, make a nontrivial contribution to the origin of new taxa. Thus, for organisms such as insects and their parasites that experience and partition resources on a fine scale (39) , the effects of new niche construction may cascade through ecosystems and have an important effect on biodiversity. Given that an estimated 10-30 million plant-feeding insect species exist (40) , that each phytophagous insect is likely attacked by ≥1 parasitoid (41) , and that host-specific parasitoids account for an estimated 25% of insects (40) , sequential divergence may be an underappreciated process (12) (13) (14) (15) .
Additional concerns regarding sequential divergence require clarification. In our study, we associated the process with sympatric divergence with gene flow (criterion 1). This need not always be the case. The critical element is that divergent ecological selection pressures transcend trophic levels to generate new biodiversity. Thus, sequential divergence may occur in any geographic context. For example, sequential divergence is also possible in allopatry if the evolution of RI is driven by adaptation to a new host following migration of a parasite into a different geographic area (Fig. 1C) . However, verifying that population divergence was due to the cascading effects of selection from plant, to insect, to parasitoid, as opposed to genomic conflict and RI arising as an inadvertent by-product of mutation order processes (42, 43) , is difficult in the absence of gene flow. Consequently, we focused on an example of sequential divergence involving sympatric host shifts, allowing us to directly document the multiplicative potential of the process in action. Thus, we excluded mtDNA haplotypes A and B in Utetes from further analysis here, but these taxa may represent cases of sequential divergence when considered from a broader geographic perspective. We also defined the process with respect to "population divergence" rather than using the previously defined term "sequential speciation" (14) to convey a focus on recent sympatric host shifts for empirical testing and to remove any presumption of the evolutionary outcome of our study. Although our results support the sequential divergence hypothesis, it is not possible to discern the long-term evolutionary fate of the species we studied. We are unable to determine, with certainty, if these taxa will diverge further along the "speciation continuum" (44) , represent "frozen" multistate polymorphisms in evolutionary equilibrium between selection and gene flow, or have already attained species status. Thus, case studies of speciation must rely on inferences drawn from comparisons involving a series of related population pairs at varying stages along the speciation continuum (44) . We therefore contend that host-specific populations of D. alloeum, D. mellea, and U. canaliculatus provide an opportunity to make inferences concerning the critical ecological attributes and adaptations initiating sequential divergence that may result in speciation.
Recent theory suggests that, during ecological divergence, populations may diverge incrementally through time before a threshold level of differentiation is reached and the genomes of taxa rapidly "congeal" into new species (45) . Thus, populations that appear to be in evolutionary limbo may be slowly accumulating new mutations of small effect and progressively inching their way toward species status. In this regard, the two cryptic Utetes taxa we discovered ( Fig.  2A) imply that the wasps have the potential to diverge further. However, it remains to be determined whether sequential divergence alone (cascading ecological selection pressures), or in conjunction with other mechanisms, contributes to the transition from races or biotypes to species.
With respect to the current taxonomic status of wasp populations, we cast our experimental design in terms of eight criteria supporting sympatric host race formation and sequential divergence ( Table 1) . Our results support, partially or in whole, criteria 1-7 for Rhagoletis and its parasitoid community. Due to difficulties in wasp husbandry, we could not test for host flyrelated fitness tradeoffs among populations (criterion 8). Reciprocal fruit transplant studies of apple-and hawthorn-infesting R. pomonella have failed to detect host-related differences in larval feeding performance with respect to survivorship to pupariation (46) . However, tradeoffs in larval performance have been documented for R. pomonella sibling species (33, 34) that may distinguish species from the apple and hawthorn host races. If the same is true for wasps, experiments investigating performance tradeoffs may help establish the taxonomic status of D. alloeum, D. mellea, and U. canaliculatus. Nevertheless, estimates of habitat isolation via host odor discrimination and temporal isolation via differences in eclosion timing substantially reproductively isolate host-associated populations of D. alloeum, D. mellea, and U. canaliculatus (Tables 2 and 3 ). Taking into account the relative contribution of each measure of RI (SI Text), temporal isolation and habitat isolation can act in concert to produce prezygotic RI among pairs of D. alloeum (70-94%), U. canaliculatus (85-99%), and D. mellea (79-90%). Moreover, other cues in addition to fruit surface volatiles also likely increase host plant fidelity and habitat isolation for the wasps (e.g., differences in fruit color, size, and taste), as in Rhagoletis (47). Host fruit odor discrimination could also contribute to postzygotic RI for the wasps due to hybrid behavioral sterility, as it may for Rhagoletis (30).
Finally, competition may limit the potential for multiplicative sequential divergence (25) , placing limits on the overall number of parasitoids that can simultaneously share the same host. However, we discovered two cryptic, highly diverged haplotypes of egg-attacking Utetes sharing snowberry and flowering dogwood hosts, suggesting that wasps can subdivide the fly resource and avoid extinction. Regardless, competition does occur among Rhagoletis parasitoids, as only one adult wasp ecloses when a single fly is attacked by multiple parasitoids (25) . Furthermore, larval-attacking D. mellea and D. alloeum overlap in host use. Thus, several species cooccur, and it is possible that interspecific interactions may foster diversity by selecting for newly shifting wasps to differentiate to avoid competition on novel hosts, reducing temporal overlap and increasing their RI from ancestral population (27) . Indeed, eclosion time differences exist not only within each species attacking different fly hosts but also between parasitoid species sharing the same host (Table 2 and Fig. 7) . Therefore, a degree of temporal niche partitioning for oviposition sites exists among species, a common phenomenon among parasitoids sharing the same host (48, 49) . Although speculative, this may permit coexistence of multiple species on shared fly hosts. Moreover, escape from parasitism itself may also favor host shifting in Rhagoletis (50). Thus, host plant, fly, and wasp may play a tritrophic coevolutionary game of hide and seek that spins off several new life forms.
Materials and Methods
Specimen Collection. Host fruits infested with parasitized flies were collected from nine sites in the eastern United States from 2006 to 2012 (Fig. S1 , Table  S1 , and SI Text). Six of these sites for U. canaliculatus and four for D. mellea Table S5 for individual site values ± SEMs. represent locations where two or more Rhagoletis taxa were sympatric (<1.5 km apart) or in close proximity (<10 km apart).
Genetic Methods. Twenty and 21 pairs of unique microsatellite primers were developed for U. canaliculatus and D. mellea, respectively (see data in the Dryad database). Compared with other types of markers, microsatellites have high mutation rates and levels of polymorphism, characteristics useful for revealing subtleties in population genetic structure associated with rapid and recent divergence. We also PCR-amplified and sequenced a 540-bp region of the mtDNA Cytochrome Oxidase subunit I (COI). For further details on genetic methodology, see SI Text.
Analysis of Genetic Data. Microsatellite loci were tested for conformity to Hardy−Weinberg equilibrium (HWE) in females (diploid) using Markov chain randomization methods with default parameters in Micro-Checker (51) . Of the 41 microsatellites scored, no locus displayed significant deficiencies of heterozygosity in more than two populations, implying markers represented single-copy sequences that did not possess high frequencies of null alleles. Furthermore, every haploid male possessed only a single allele for each microsatellite, and we observed no obvious null allele at each locus. We estimated linkage disequilibrium (LD) between pairs of microsatellites separately for each host-associated population using Burrow's composite Δ (52), which does not assume HWE or require phased data but instead provides a joint metric of intralocus and interlocus disequilibria based solely on genotype frequencies. Thus, Δ is equivalent to the LD parameter D under HWE (52) . We combined multilocus haplotypes of individual males together at random, based on their frequencies in a population, to construct diploid genotypes in HWE to combine with females genotypes to estimate a single Δ value for each population. These values were then transformed to a standardized correlation coefficient and combined across populations using the method of Fisher (53) to derive overall measures that were tested for significance by χ 2 tests, as described by Weir (52) . In general, LD was low between loci of both species, an indication that most markers were evolving independently. However, certain microsatellites did display significant LD, and these loci were (i) arranged stepwise with one another to form arrays interconnecting the majority of markers genotyped for each species (Fig. S4 ) and (ii) used in association with eclosion time relationships to pool alleles at loci for GLM analysis (Table S3) . We tested for a relationship between eclosion timing and microsatellite genotypes separately for males and females by a two-way ANOVA with genotype and host as main effects. Our analyses were performed on the subset of individuals genotyped (Table S1) that were also phenotyped for eclosion timing (see data in the Dryad database). We concentrated on the sympatric pairs of wasps attacking hawthorn and apple flies, transforming the eclosion time for each individual by its SD from the mean eclosion time for each sex at the site from which it was collected. Normalizing eclosion times allowed us to combine data across hosts and sites to test for genetic associations. We report the results for the main genotype effect and the genotype × host interaction because the host effect was significant in the ANOVA for all loci. We also performed stepwise multiple regressions for all microsatellites against normalized eclosion times separately for females and males.
We tested for significant allele frequency differences between hostassociated populations at sympatric sites using a nonparametric, Monte Carlo approach. Microsatellite genotypes were randomly resampled with replacement from the combined data set for a locus at a site to determine the probability from 100,000 replicates of generating a Nei's genetic distance D (54) greater than the observed value between populations by chance. We also performed GLM analyses at sympatric sites to test for significant host and latitude effects on microsatellite allele frequencies for each species. For the GLM analyses, allele frequency was modeled as a quasi-binomial variable, with host as a discrete factor and latitude as a continuous factor. The GLM analysis required that we collapse the microsatellites to a diallelic dataset. To accomplish this, we pooled different combinations of alleles at each locus into two variant classes, using the diallelic combination that (i) generated the highest level of LD with other loci (Fig. S4 ) and (ii) explained the largest amount of variation in adult eclosion time (Table S6) We assessed the genetic relationships among populations for COI mtDNA by constructing maximum parsimony gene trees for U. canaliculatus and D. mellea using Phylogeny Inference Package (PHYLIP) 3.69 (55) . We examined relationships for the nuclear-encoded microsatellites by constructing unrooted NJ networks for U. canaliculatus and D. mellea based on Nei's pairwise genetic distances calculated between populations using PHYLIP 3.69 (55) , with bootstrap support determined by 10,000 replicates across loci.
Eclosion Study. The timing of adult eclosion was determined by monitoring fly pupae once daily, following overwinter, for emerging flies and wasps. Adult wasp longevity was calculated by measuring the interval, in days, between adult emergence and death. We estimated the degree of allochronic isolation between wasp populations due to differences in eclosion time and adult according to the formula in SI Text.
Field Observations and Behavioral Assays. To assess the site of assembly for mating, we conducted 45 h of observations of behavior for both U. canaliculatus and D. mellea in stands of apple and hawthorn trees, and nearby non-Rhagoletis host plants, at sympatric study sites in Fennville and Grant, MI (14) (SI Text). The responses of U. canaliculatus, D. mellea, and D. alloeum to natal and nonnatal fruit volatiles were determined using a Y-tube olfactometer based on the protocol previously developed for D. alloeum (14) (SI Text). We estimated the degree of habitat isolation between wasp populations due to host fruit odor discrimination according to the formula in SI Text. Table 3 . Pairwise estimates of both intraspecific (within) and interspecific (between) temporal isolation for wasps attacking different and the same Rhagoletis host(s), respectively, at sympatric sites
